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The heavier elements, like As, Cd, Pb, Hg are highly toxic to the human body even 
at trace level.  Therefore, high sensitivity of trace heavy element analysis is of great 
importance for environmental monitoring.  Particle induced X-ray emission (PIXE) is a 
powerful technique for quantitative analysis because it is non-destructive, multi-elemental 
(from Na to U), highly sensitive and requires no special sample preparation.  Usually proton 
beams with an energy around 3 MeV, are used in PIXE offering high sensitivity.  Since the 
sensitivity of PIXE strongly depends on the X-ray production cross-sections, which are 
proportional to the square of the projectile charge, it can be expected that the use of heavy 
ion beams improves the sensitivity of the analysis considerably.  However, extensive 
systematic applications to elemental analysis using heavy ion beams are lacking due to a 
number of problems such as the determination of fluorescence yield, line shifts and peak 
broadening due to multiple ionization1).  In addition, continuous X-ray backgrounds, which 
determine the detection limit of PIXE, are created by the same ionization process as the 
characteristic X-ray signal and increase in the same ratio, thus there seems to be no 
significant advantage in using heavy ions compared to proton beams.  However, the lower 
detection limit (LDL) of an element is given by 3 XB NN , where NX is the net counts of a 
characteristic X-ray line and NB is the background counts covered by the full width at half 
maximum (FWHM) of the characteristic X-ray line, namely it is proportional to 1/ZP at the 
same projectile velocity, where ZP is a projectile charge
2).  Consequently, using of heavy 
ion beams may improve LDL by ZP times.  
Carbon ion beams are applied to PIXE analysis of trace heavy elements in samples 
deposited on a thin organic film consisting mainly of C, H and O, because nuclear 
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bremsstrahlung vanishes in the case of symmetric collisions such as 12C-12C or 12C-16O3).  In 
this study, we have measured continuous X-ray backgrounds in the energy region 5 
keV<Ex<32 keV emitted from polypropylene film and X-ray production cross-sections of 
several elements (Cr, Fe, Ge, Ag, In, Pb) using 70 MeV 12C6+ ions.  The measured 
backgrounds are compared with theoretical calculations.  We have estimated the LDL of 
heavy metal elements to investigate the applicability of 70 MeV carbon ions to PIXE 
analysis of heavy elements.  
On the other hand, the elements will be toxic depending on the atomic valence as 
well as chemical environment.  For example, most Cr in nature occurs with tri-valent and 
six-valent, and the latter is very toxic and carcinogenic.  Therefore, it is suggested that the 
environmental pollution monitoring is not only for elemental concentrations but also for its 
chemical environment.  
It is already well known that, X-ray spectra are sensitive to the chemical 
environment of the target atom and can yield information on the atomic and electronic 
structure of materials4).  Baun5) classifies the changes occurring in the X-ray emission 
spectra in four categories: changes in wavelength, presence or absence of band or lines, 
changes in bandshapes and changes in band intensity.  Among them changes in band 
intensity or changes in Kβ/Kα X-ray intensity ratio is relatively easily and most precisely 
measurable.  The change of K X-ray intensity ratio has been studied extensively by many 
workers and well known experimentally and theoretically that the intensity ratio specially 
for 3d elements depends on the its oxidation state6,7) and on the crystal symmetry in which 
the atom interest is located8) as well as on the number of 3d electrons9).  In almost all case, 
the X-ray intensity ratio was studied by using X-ray as an excitation source where the 
ionization of L and higher shell nearly not occur.  But, in case of heavy ion projectiles, K-
shell vacancy production is typically accompanied with the creation of multiple vacancies in 
the L and higher shells of the target atoms.  In this study, we have measured Kb/Ka 
intensity ratio for Cr compounds using carbon ions at some different energies to study the 
possibility of discrimination of chemical environments. 
 
EXPERIMENTAL 
The targets for the measurement of X-ray production cross sections were prepared 
by vacuum evaporation on a thin polypropylene film.  The thicknesses of the evaporated 
layer were determined by Rutherford backscattering (RBS) measurement to be less than 100 
µ g/cm2, thus self-absorption of characteristic X-rays and energy loss of the incident ion in 
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the targets can be neglected.  The thickness was determined within the error ±5%. A 
polypropylene film ((C3H6)n) of 4.25 µm thickness was used as a target for continuous X-
ray background measurement for both 70 MeV carbon ion and 3 MeV proton bombardment. 
Targets for Kβ/Kα intensity ratio measurement were prepared by dropping 40 µl  of 1000 
ppm Cr solution (K2Cr2O7 and CrCl3) on polypropylene film and drying at 60ºC.  In all 
measurement, the targets were placed at an angle of 45º with respect to the beam direction. 
X-rays emitted from the target were measured at an angle of 90º with respect to the beam 
direction, by a Si(Li) detector with an energy resolution of 160 eV at 5.9 keV and an 
effective area of 80 mm2.  1 mm Mylar film was placed in front of the Si(Li) detector to 
absorb the intense yield of low energy X-rays.  The solid angle was 0.0071 sr.  The energy 
calibration was obtained with characteristic X-rays from a 241Am source. 
 
RESULTS AND DISCUSSION 
Continuous X-ray backgrounds 
The experimental cross sections of continuous X-ray background calculated from 
the measured PIXE spectra for both carbon ions and protons are presented in Fig.1, where 
detector efficiency and X-ray absorption in the Mylar absorber in front of the detector were 
not corrected.  The calculations of cross-sections for each component of bremsstrahlung 
(QFEB-Quasi Free Electron Bremsstrahlung, SEB-Secondary Electron Bremsstrahlung, 
AB-Atomic Bremsstrahlung, NB-Nuclear Bremsstrahlung) were carried out as described 
elsewhere10), and bremsstrahlung component and their sum are also shown in Fig.1. Cross-
sections of radiative electron capture (REC) for carbon ion bombardment are not included 
in this calculation.  The experimental cross-sections of continuous X-ray for carbon ions in 
the lower X-ray energy region (5-20 keV) are about 3 orders of magnitude higher than for 
proton bombardment.  At higher X-ray energies (20-30 keV), the difference between the 
two cross sections is about 2 orders of magnitude.  For proton bombardment, the calculated 
cross sections are in excellent agreement with experimental ones in a wide X-ray energy 
region, but they underestimate the experimental values in the region >10 keV in the case of 
carbon bombardment.  The backgrounds at energies <13 keV can be estimated by SEB, 
whereas the backgrounds at energies >13 keV cannot be explained by SEB nor AB.  In case 
of proton bombardment, the background at higher X-ray energies is well reproduced by NB.  
For carbon bombardment, the contribution of NB with carbon nuclei in the target 
(polypropylene film which consists C and H) is negligibly small because of symmetric 
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collisions, however the contribution from hydrogen ones in the target can be considered the 
same order as the NB contribution of carbon nuclei in the target during proton 
bombardment.  Therefore, the backgrounds at the energies >20 keV are considered to be 
due to the Compton scattering tail of nuclear γ-rays, but the excess in the 13 to 20 keV 
region cannot be theoretically explained at present.  
 
X-ray production cross section   
The procedure of the evaluation of X-ray production cross sections was identical as 
described elsewhere11).  Fig.2 shows the measured X-ray production cross sections σK (K-
line) and σL (L-line) of 70 MeV carbon ions for several elements (K line-  and L line- ) 
and experimental data of another group11) (K line-  L-line- ), which are in good 
agreement with our results.  The total errors of experimental data are <±10 %. Since 
experimental cross-sections are up to one order of magnitude lower as ECPSSR 
calculations11), calculated cross-sections will not be used in the LDL estimation. 
 
Kβ/Kα intensity ratio 
Kβ/Kα intensity ratios of several elements (Cr, Fe, Ge, Ag and In) were measured for 
carbon ions.  From the results (Table 1), one sees that the difference between the measured 
intensity ratio for 70 MeV carbons and the theoretical value12) diminishes with increasing 
atomic number Z of the target.  This implies that for higher Z-targets, the degree of multiple 
ionization is lower compared to medium Z-targets, because the Kβ/Kα intensity ratio 
increases with the number of L-shell vacancies13).  Here, we can use theoretical Kβ/Kα 
intensity ratio for higher Z-targets in LDL estimations. 
 
Chemical effect on Kβ/Kα intensity ratio 
Kβ/Kα intensity ratios for tri-valent and six-valent Cr compounds (CrCl3 and 
K2Cr2O7, respectively) were measured at 13, 22, 35, 70 MeV energies of carbon ions.  The 
results and the intensity ratio for Cr metal13) are shown in Fig. 4.  Since the number of L-
shell vacancies increases with decreasing projectile energy, the intensity ratio increases.  
But the clear difference between the intensity ratios for Cr compounds compared to for X-
ray excitation is not observed in this study.  From the BEA calculation14) for 13 and 70 
MeV carbon ions, the contribution of higher level of multiple ionization is small in both 
cases (Fig. 4) and contribution of 2 L-shell vacancies increased at 13 MeV carbon energy 
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compared to 70 MeV energy.  Consequently, a few L-shell vacancies do not affect the K X-
ray intensity ratio considerably. 
 
Lower detection limit (LDL) estimation  
PIXE spectra from the same target for both 70 MeV carbon ion (0.8 µC) and 3 MeV 
proton (8.1 µC) irradiation are shown in Fig. 4.  The target was prepared by dropping 40 µl 
of the 1ppm solution of Cu, Pb, and Cd on the polypropylene film.  From the spectra, it is 
clearly seen that peak-to-background ratio enhances at higher X-ray energy region.  Since 
the deposited target is not uniform within the beam spot, we prefer to estimate the LDL 
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where, NB is background counts at the FWHM of the characteristic X-ray line, AZ is atom 
mass of the target element, NQ is the number of the incident particles, σΞ is X-ray 
production cross section, eff is detector efficiency, ab is absorption of X-ray lines prior to 
detection, bα is the fraction of K or L X-rays that appears in the Kα or Lα line, dΩ is solid 
angle of the detector and NAϖ is  Avogadro’s number.  The obtained LDL of Cu-Kα, Cd-Kα 
and Pb-Lα for 1µC irradiation were 2, 6 and 68 ng/cm2 respectively.  Compared to proton 
bombardment, the LDL of Cu-Kα (8.04 keV) for carbon bombardment is estimated to be 2 
times lower for the same number of incident particles.  Moreover, in the higher X-ray 
energy region, LDL for Cd-Kα (23.1 keV) is about 4 times lower than for proton 
bombardment.   
 
CONCLUSIONS 
Continuous X-ray backgrounds were measured for 70 MeV carbon ions and 3 MeV 
protons, and compared to theoretical calculations.  The calculations for protons are in 
excellent agreement with experiments.  But calculations for carbon ions underestimate the 
experiment by up to 2 orders of magnitude at X-ray energies from 13 keV to 20 keV.  This 
difference cannot be explained by bremsstrahlung theory at present.  
The X-ray production cross-sections of several elements were measured for 70 MeV 
carbon ions and confirmed to be much higher than for 3 MeV protons.  For example, the X-
ray production cross-section of Ag K X-rays was about 200 times larger than in the case of 
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3 MeV proton bombardment.  Using the results of this study, the LDL of a few elements 
were estimated for 70 MeV carbon ions.  The LDL for 70 MeV carbon ions at higher X-ray 
energies was 4 times lower than for 3 MeV protons.  The results show that heavy elements 
such as Ag, Cd can be analyzed by 70 MeV carbon ion with higher sensitivity and on a 
much shorter time compared to 3 MeV protons.  In addition, higher sensitivity will be 
obtained when thinner (<4 µm) organic film is used as a backing. 
Kβ/Kα intensity ratios for Cr compounds are measured by using carbon ions at 
different energies.  The intensity ratio increases with increasing with the degree of multiple 
ionization.  But the difference of intensity ratios between the Cr compounds do not vary 
significantly at these energies, because the degree of multiple ionization at 13 and 70 MeV 
energies differs not too much.  
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Table 1.  Kβ/Kα intensity ratios for 70 MeV carbon and theoretical value
12). 
Element (Atomic number) 70 MeV carbon ions Theoretical value 
Cr (24) 0.1637±0.0015 0.1336 
Fe (26) 0.1608±0.0010 0.1391 
Ge (32) 0.1764±0.0010 0.1504 
Ag (47) 0.2061±0.0012 0.2130 





Figure 1.  Continuous X-ray background from polypropylene film for 70 MeV carbon ions (a) and for 3 MeV 
protons (b). 
Figure 2.  X-ray production cross-sections for 70 MeV carbon ions.  ( -σK, -σL) - this study, ( -σK, -σL) 
– the results of another group11). 
 
Figure 3.  Kβ/Kα intensity ratio for Cr compounds: CrIII-CrCl3, CrVI- K2Cr2O7. 
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Figure 4. BEA calculation of multiple ionization probability for 13 and 70 MeV carbon energies on Cr target. 




Figure 5.  PIXE spectra from the target which contains Cu, Pb and Cd in the same amount (∼40 ng). 0.8 µC 
and 8.1 µC irradiation for carbon ions (a) and protons (b), respectively. (straigth line- from the target, dashed 
line- from the backing film) 
 
